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Quantum mechanics allows events to happen with no definite causal order: this can be verified by
measuring a causal witness, in the same way that an entanglement witness verifies entanglement.
Here we realise a photonic quantum switch, where two operations, Aˆ and Bˆ, act in a quantum
superposition of their two possible orders. The operations are on the transverse spatial mode
of the photons; polarisation coherently controls their order. Our implementation ensures that the
operations cannot be distinguished by spatial or temporal position—further it allows qudit encoding
in the target. We confirm our quantum switch has no definite causal order by constructing a causal
witness and measuring its value to be 18 standard deviations beyond the definite-order bound.
In daily experience, it is natural to think of events
happening in a fixed causal order. Strikingly, it has
been proposed that quantum physics allows for nonclas-
sical causal structures where the order of events is indef-
inite [1, 2]. It has been theoretically shown that such
a possibility provides an advantage for computation [3],
communication complexity [4, 5] and other information
processing tasks [6–8]. Furthermore, investigations of in-
definite causal orders suggest a promising route towards
a theory that combines general relativity and quantum
mechanics [9, 10].
Indefinite causal orders can be studied using a frame-
work that distinguishes whether some experimental
situation—called a process—is compatible with a fixed
causal order of the events or not. An example of
a process with indefinite causal order is the quantum
switch [1]. In the quantum switch, the order in which
two quantum operation Aˆ and Bˆ—considered as “black
box operations”—are performed on a target system is co-
herently controlled by a control quantum system, Fig. 1.
This can also be seen as a particular case of “superposi-
tion of time evolution” [13]. The advantages provided by
the quantum switch arise from the fact that it cannot be
reproduced by an ordinary quantum circuit which uses
the same number of black-box operations [3–7].
Here we present an optical implementation of the quan-
tum switch where the control system is the photon’s po-
larisation and the target is the transverse spatial mode.
We verify indefinite causal order by introducing a causal
witness [14, 15], for which we obtain a value 18 standard
deviations beyond the bound for definite ordering. One
notable achievement of our experiment is that it opens
the possibility of encoding more than two levels in the
target system—transverse spatial mode can indeed be
high-dimensional, and hence can act as a qudit.
In previous implementations [11, 12], the location of
each black-box—the spot where photons go through a
set of waveplates—was different depending on the order,
resulting in four distinct locations in space, Fig. 1(c).
Furthermore, the photons had a coherence length much
shorter than the distance between the two sets of wave-
plates: in effect, the operations could also be distinct in
time. In our experiment we use polarisation to control
the order, so that the paths corresponding to different
temporal orders overlap in space, resulting in only two
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FIG. 1. The quantum switch. A control qubit determines the
order in which two quantum operations, Aˆ and Bˆ, are applied
to a target qubit, |ψ〉t. (a) When the control is |0〉c, Aˆ is ap-
plied before Bˆ. (b) When the control |1〉c, Bˆ is applied before
Aˆ. When the control is in the superposition (|0〉+ |1〉)c/
√
2,
there is a superposition of the two orders, yielding the
output state |φ〉=(BˆAˆ|ψ〉t⊗|0〉c+AˆBˆ|ψ〉t⊗|1〉c)/
√
2. (c) In
refs. [11, 12], the control is the transverse position at which
a photon passes through a set of wave plates—consequently,
the operations are performed in distinct spatial locations de-
pending on the order. (d) In our experiment, the control is
polarisation, hence each operation takes place in a fixed spa-
tial location, independent of the order. The yellow pulses are
graphical representations of the difference in temporal char-
acteristics: in (c) the pulses are orders-of-magnitude shorter
than the experiment and its internal components; in the (d)
the pulses are orders-of-magnitude longer so that the opera-
tions are indistinguishable in time as well as space.
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2spatial locations, as in Fig. 1(d). The location of the two
operations also cannot be distinguished in time, as we use
photons with a coherence length much longer than the
whole interferometer. Therefore, in our experiment the
causal order between operations cannot be distinguished,
even in principle, by their spacetime location.
Much of the interest in the quantum switch comes
from the possibility of representing a novel—genuinely
quantum—type of causal structure. In this context,
causal relations are defined through the possibility of
transmitting signals between events. An event is under-
stood operationally in terms of operations such as mea-
surements, preparations, or transformations of a phys-
ical system (for example, a photon transiting a set of
lenses can define an event). A causal structure repre-
sents the network of possible causal relations between a
set of events. Relativistic causal structure naturally falls
within this perspective: if an event A is in the past light-
cone of an event B it is possible to send a signal from A to
B, while no signal exchange is allowed for space-like sepa-
rated events. Note that, even if no direct causal influence
between certain events is detected in a given experiment,
it might still be possible to deduce information about the
causal structure in which the events are embedded. For
example, one can perform transformations on a system
at the prescribed events and, by measuring the system
at a later event, deduce information about the order in
which the transformations were applied. Our experiment
uses this idea.
Since the notion of causal structure refers to how differ-
ent operations on physical systems relate to each other,
distinct definitions are available depending on the level
of description of these operations and of the physical
systems. Recent literature [2, 14–17] has analysed the
quantum causal structure of the quantum switch us-
ing a theory- and device-dependent approach: we fol-
low this here. The possible operations defining an event
A are identified with the most general quantum oper-
ations: completely positive (CP) maps from an input
space, AI≡L
(HAI ) to an output space, AO≡L (HAO),
where L (H) denotes the space of linear operators over a
Hilbert space H and AI , AO label the spaces attached
to the system immediately before and after the oper-
ation, respectively. Using the Choi-Jamio lkowski iso-
morphism [18, 19] we represent a CP map as a positive
semidefinite operator MA∈AI⊗AO. The probability to
realise the maps
{
MA,MB , . . .
}
in an experiment, cor-
responding to the events A,B, . . . , is given by the gener-
alised Born rule [2, 20–22]
P (MA,MB , . . . ) = Tr
[(
MA ⊗MB ⊗ . . . )W ] , (1)
where W∈AI⊗AO⊗BI⊗BO⊗ . . . is a positive semidef-
inite matrix called a process matrix, which provides a
full specification of the possible correlations that can be
observed. In particular, W encodes the causal struc-
ture, namely which events can potentially influence which
other events.
Three events A,B and C must be identified in a quan-
tum switch: A and B correspond to operations on the
target system implemented along the two arms of the in-
terferometer, while C (not shown in Fig. 1; see Fig. 2) is
a measurement on the control system that occurs after
both events A and B . A process matrix compatible with
A causally preceding B is denoted WA≺B≺C ; a process
matrix with B preceding A is denoted WB≺A≺C . If a
causal order between the events is well defined for each
run of the experiment, possibly changing randomly be-
tween different runs, then the process matrix is said to
be causally separable [2, 14, 16, 23] and it can be decom-
posed in the form
Wsep = qW
A≺B≺C + (1− q)WB≺A≺C , (2)
where 0 ≤ q ≤ 1.
Our task is to experimentally verify an indefinite causal
order, namely that the process matrix describing our
experiment cannot be decomposed as in Eq. (2). We
achieve this by measuring a causal witness [14, 15]. This
is defined as a Hermitian operator S such that its expec-
tation value is
〈S〉 = Tr[SWsep] ≥ 0 (3)
for every causally separable process matrix Wsep. De-
tecting a value 〈S〉 = Tr[SW ] < 0 therefore certifies that
W is causally nonseparable.
Notice that the value of Tr[SW ] can be obtained ex-
perimentally after decomposing S into different operators
representing different CP maps (which define the events
A,B,C), and using Eq. (1) to write Tr[SW ] as a com-
bination of the joint probabilities of these maps to be
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FIG. 2. Experimental schematic. The control qubit is defined
by polarisation. The polarising beamsplitter PBS1 routes the
photon into either events A or B, which realise unitary op-
erations Aˆ or Bˆ acting on the spatial mode of the photon.
Event C is a Xˆ polarisation measurement, determining the
Stokes parameter of the photon in the diagonal/anti-diagonal
basis. Lenses L1 and L2 are used as a telescope to ensure
mode-matching.
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FIG. 3. Top view of the setup for realising the unitary operations Aˆ and Bˆ using a set of special inverting prisms R, and
pairs of cylindrical lenses C. The prisms rotate the incoming transverse mode, effectively implementing the rotation R(θ) =(
cos 2θ sin 2θ
sin 2θ −cos 2θ
)
in the {|HG10〉 , |HG01〉} qubit subspace. The cylindrical lenses give a pi/2 relative phase shift to Hermite-
Gaussian components of the incoming photon, effectively implementing C (pi/2) =
(
1 0
0 i
)
. The spherical lenses (L) are used
for mode-matching. The half-waveplates (H) and quarter-waveplates (Q) are used to correct polarisation changes caused by
reflections in the prisms and ϕ represents a phase plate. The unitary operations of our interest are realised by varying the
angles θ1 and θ2. For example, in the figure R(θ1) is rotated by 45° and for R(θ2), the angle is set at 0°. With a 0° global phase,
the above setup represents an Xˆ operation which transforms an input Hermite-Gaussian HG10 beam to a Hermite-Gaussian
HG01 (see Supplemental Material, which includes [24]).
realised. In our experiment, we use a causal witness that
can be measured by letting events A and B correspond
to unitary operations Aˆ and Bˆ, respectively, and event
C to a polarisation measurement of the control qubit in
the diagonal/antidiagonal basis—i.e., a measurement of a
Stokes parameter, or equivalently of the Pauli observable
Xˆ. Such a witness can be decomposed as
S =
1
4
(
Iˆ +
∑
Aˆ,Bˆ
γAˆ,Bˆ A⊗ B ⊗ Xˆ
)
, (4)
where Iˆ denotes the identity operator, A is the Choi rep-
resentation of a unitary Aˆ, defined as A := (∑lm |l〉〈m|⊗
Aˆ |l〉〈m| Aˆ†)T (where T denotes transposition in the com-
putational basis {|l〉} of HAI some fixed basis of HAO ),
similarly for B, and where the sum runs over the sets of
unitaries Aˆ, Bˆ used in the experiment. The normalisa-
tion factor 14 is chosen so that the value of −Tr[SW ],
when positive (i.e., when Tr[SW ] < 0), corresponds pre-
cisely to the amount of white noise that can be added
to W before it becomes causally separable—its “random
robustness” [14, 15]—and the coefficients γAˆ,Bˆ are de-
termined numerically through the optimisation method
described in the Supplemental Material. The value we
need to measure is then
〈S〉 = Tr
[1
4
(
Iˆ +
∑
Aˆ,Bˆ
γAˆ,Bˆ A⊗ B ⊗ Xˆ
)
Wexp
]
= 1 +
1
4
∑
Aˆ,Bˆ
γAˆ,Bˆ 〈Xˆ〉Aˆ,Bˆ , (5)
where Wexp is the process matrix describing our exper-
iment (properly normalised so that TrWexp = 4 for our
quantum switch [14–16]) and 〈Xˆ〉Aˆ,Bˆ is the expectation
value of the observable Xˆ given that Aˆ and Bˆ have been
performed. If 〈S〉 is found to be negative, it means
that our implementation of the quantum switch has suc-
cessfully realised an indefinite causal order between the
events A and B.
To avoid the issue of spatial separation in Refs. [11, 12],
we use polarisation as the control qubit for the order of
black boxes and the transverse spatial mode of the pho-
tons as our target qubit. With this encoding there is a
single optical axis throughout the quantum switch, mean-
ing that each black box cannot be spatially split into two.
Furthermore, we achieve temporal indistinguishability by
using photons of long coherence length. The spatial sepa-
ration between the input and output of black boxes A and
B in Fig. 2 is 3.5 m and two orders of magnitude shorter
than the coherence length of our light source which is
955 m, such that no significant timing information can
be derived.
Our light source is a diagonally-polarised, 100 kHz
linewidth laser beam at 795 nm, in the lowest-order trans-
verse spatial mode, the Hermite-Gaussian mode HG00.
We transform the beam into a HG10 spatial mode by
first passing the beam through an element that adds a
pi-phase to half of the beam—a cover slip on a tip-tilt
mount that spans half of the beam. The resulting spatial
mode is a superposition of odd-order Hermite-Gaussian
modes [25]. We then use spatial Fourier filtering to re-
move most of the higher-order spatial modes leaving just
the HG10 mode. The qubit space of the target sys-
tem consists of first-order spatial modes, where we define
|0〉= |HG10〉, and |1〉= |HG01〉. The initial state of |ψ〉t
(Fig. 1) is taken to be |0〉.
A polarising beamsplitter (PBS1) splits the beam into
the top and bottom arms of an interferometer, see Fig. 2.
The unitary operations in these arms, Aˆ and Bˆ, act
on the transverse spatial mode, but should, ideally, not
change the polarisation of the beam. The top and bottom
arms are combined at the output polarising beamsplitter,
PBS2, and the resulting mode is sent back to the other
4int
en
sit
y
ph
ase
1
0
 π
Ι X Y Ζ Y+Z X+Z
-π
FIG. 4. Spatial transformations. The result of the unitaries
acting on an input spatial mode of HG10 are also first-order
spatial modes.
input of PBS1; this relay arm contains a telescope to
ensure mode-matching, i.e., that the spatial mode that
re-enters the interferometer is the same as the input spa-
tial mode.
We realise the unitary operations Aˆ and Bˆ using
a combination of inverting prisms [26] and cylindrical
lenses [27, 28] as shown in Fig. 3. The inverting prisms
rotate the incoming spatial mode. Unlike Dove prisms
which act as poor polarisers [29], an inverting prism also
acts approximately as a quarter-waveplate on polarisa-
tion [26], which we compensate using a combination of
quarter- and half-waveplates.
Transformations for spatial modes require more opti-
cal elements than transformations for polarisation, hence
in constructing the witness, we considered a tradeoff be-
tween its robustness to noise and the number of elements
required to measure it in our setup. For this reason, in
our experiment each operation Aˆ and Bˆ is chosen among
one of the following six unitaries acting on the transverse
spatial mode: the identity operation Iˆ, the three Pauli
operators Xˆ, Yˆ and Zˆ, and the two linear combinations
Pˆ = (Yˆ +Zˆ)/
√
2 and Qˆ = (Xˆ+Zˆ)/
√
2. These operations
produce spatial modes that are either first-order Hermite-
Gaussian or first-order Laguerre-Gaussian modes, thus
keeping the spatial mode in the {|HG10〉 , |HG01〉} qubit
subspace. Fig. 4 illustrates the resulting spatial modes
for an input target qubit in the HG10 mode.
At the interferometer output, after PBS2, event C
corresponds to a polarisation measurement in the diag-
onal/antidiagonal basis—a measurement of the Stokes
parameter corresponding to 〈Xˆ〉—selected using a half-
waveplate and a third polarising beamsplitter. Due to
experimental imperfections in the optical elements, the
output mode has a marked transverse interference pat-
tern, typically with two to three fringes. An iris is used
to collect only light from one fringe, and this is then col-
lected by a multimode fibre connected to a single-photon
detector, thus tracing out the spatial mode of the pho-
tons.
For our witness, there are 21 combinations of Aˆ and Bˆ
for which the coefficient γAˆ,Bˆ is nonzero (see Supplemen-
tal Material). Fig. 5 shows the measured Stokes values
〈Xˆ〉Aˆ,Bˆ for each of these combinations: the red bars are
the theoretically expected values, which should all be +1,
−1 or 0; the blue bars are the values measured in our ex-
periment.
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FIG. 5. Stokes parameters 〈Xˆ〉Aˆ,Bˆ obtained by measuring the
polarisation of the output control qubit in the diagonal basis.
The red bars show the ideal, theoretical values and the blue
bars are the experimentally measured values. The unitary
combinations are defined by combining the unitary operations
at the top arm (Aˆ) and the bottom (Bˆ) arm, maintaining
the order Iˆ, Xˆ, Yˆ , Zˆ, Pˆ = Yˆ+Zˆ√
2
and Qˆ = Xˆ+Zˆ√
2
. A Stokes
parameter of +1 means the output is diagonally polarised
light, −1 means it is anti-diagonally polarised light. 1σ errors
are too small to be visible in the plot.
There are two main sources of errors in our experiment:
rotational misalignments and imperfect mode matching.
The inverting prisms are mounted on manual rotation
stages with an uncertainty in angular position of 1◦. Our
witness is robust against these misalignments: account-
ing for these errors, one can derive a new corrected bound
for causally separable processes, which we find to be close
enough to zero that we still have room to obtain an ex-
perimental value below it (see Supplemental Material).
The imperfect mode-matching degrades the visibility of
the interference of the spatial modes, which is then re-
flected in the values of the Stokes parameters that we
obtain. We have modelled these imperfections and pre-
dict an expectation value for our causal witness within
the range −0.20 . 〈S〉 . −0.14, c.f. the ideal value of
〈S〉 ' −0.248.
We measure 〈S〉=−0.171±0.009, within our expected
range, and a value that is 18 standard deviations from
the bound 〈S〉≥0 satisfied by all causally separable pro-
cesses. Taking into account misalignment errors, the
measured value is still 14 standard deviations below the—
most conservative—corrected bound of 〈S〉≥ − 0.038 for
causally separable processes (obtained in the Supplemen-
tal Material). This confirms that the measured process
is causally nonseparable: it has no definite causal order.
The control and target systems in our experiment are
encoded—as in previous experiments [11, 12, 30]—on dif-
ferent degrees of freedom of a single particle. As in all
experiments, there are non-ideal aspects, which we de-
tail in the Supplemental Material. Our experiment—and
those of Refs. [11, 12]—do not overtly suffer from these
non-ideal aspects as can be seen by the high visibility ob-
served in all implementations. The high visibility ensures
5the target operations are sufficiently similar for different
control states, and that there is no net operation on the
control.
Our architecture offers promising routes for further ex-
perimental investigations. Having polarisation as the
control degree of freedom enables for instance using
polarisation-entanglement—which can be of very high
quality, e.g. reaching a tangle of T ' 0.987 [31]—as the
control for entangling the causal order of different quan-
tum switches [10, 30]. Having transverse spatial modes as
the target degree of freedom enables encoding qudits—
as opposed to qubits—for investigating quantum com-
munication with indefinite causal order in larger Hilbert
space dimensions [5, 8]. The benefits of using qudits for
quantum information processing applications, such as im-
proved security in quantum cryptography and higher in-
formation capacity in quantum communication, are well-
known [32, 33]. Moreover, certain protocols demonstrat-
ing an advantage from indefinite causal order will require
qudits for their implementation [5, 8]. Our implementa-
tion thus offers the possibility of exploring these advan-
tages in the future. Other challenges include realising
quantum switches that put more than two events in an
indefinite causal order, and physically separating the con-
trol and target systems, so that the parties’ actions on
the target system for different control states cannot be
distinguished even in principle.
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